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Histochemical, physiological and ultrastaictural changes in the maize embryo 
during drying 
Jose Antonio Perdomo 
Major Professor: Joseph Burris 
Iowa State University 
A critical decision that hybrid maize seed producers confront each year is how to 
properly diy large volumes of seed and still maintain a high quality product suitable for 
planting. In many production areas, harvest may begin quite early when the seed is at high 
moisture content (45-50%) in an effort to avoid damage by early frost or to escape the action 
of insects and diseases. In this scenario, varying rates of moisture removal and/or high drying 
temperatures (> 45°C) may jeopardize seed quality. Previous studies (Herter and Burris, 
1989) have shown that initial drying at lower temperatures (20°-35°C) before subsequent high 
temperature drying resulted in improved seed quality. However, during this period seed 
moisture content may remain high thus increasing the risk of seed deterioration. Here 
evidence is reported of increased amylolytic activity and degradation of starch grains in seeds 
that were preconditioned at 35°C and high humidity (90% RH). Higher respiration rates were 
observed in those seeds held at 35°C, compared to 20°C. Although overall respiration during 
preconditioning was low, as compared to a germinating seed, it may still represent a source of 
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deterioration. Seeds preconditioned at a lower temperature (20°C) and lower relative 
humidity (35%) did not show signs of such deterioration. Ceils in the radicle meristem 
exhibited a distinct migration of the lipid bodies toward the cell walls in response to 
desiccation. In addition, a relationship between lipid alignment and leakage during imbibition 
is described. Protein body formation was also evident in these cells and this accumulation 
began early during preconditioning. Only in seeds that experienced the highest level of 
desiccation was this process nearly complete. No apparent deterioration was observed in the 
mitochondria. They appeared abundant, swollen, well differentiated, and remained intact 
throughout the entire period. The highest seed quality was obtained in seeds preconditioned 
at 35°C/ 35% RH. These conditions have a positive effect on the metabolic and/or 
morphologic changes that confer high temperature desiccation tolerance, while minimizing the 
negative impact of the catabolic events described. 
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GENERAL INTRODUCTION 
During the last fifty years the availability of high quality seed of improved genotypes, 
enhanced fertilizers, and better methods for disease, insect, and weed control, have 
revolutionized farming. The quantity of seed needed by farmers each year is enormous; it is 
estimated that North American farmers alone use over twelve billion pounds annually of field 
crop, vegetable, flower, and tree seeds (USDA, 1978). Among the field crops, maize (Zea 
mays L.) is one of the most widely planted. In the midwestern region of the U.S. where most 
of the hybrid maize is produced, the seed is usually harvested on the ear at high moisture 
content to reduce the risk of early frost, insects, and disease. In order to safely store the 
seed, the moisture content has to be reduced to an appropriate safe level (12% moisture 
content). This is accomplished using artificial drying methods, which include the application 
of high temperature air to remove the excess moisture. Due to the large volume of seed, the 
limited growing season, and the variability in weather patterns, the drying process is one of the 
most important steps in seed production. This process not only represents a high operational 
cost but it is also associated with the potential for injury to the seed, thus jeopardizing its 
quality (Burris and Navratil, 1980). 
During drying, several factors can result in seed injury and substantial reductions in 
quality. It is well known that variations such as temperature, drying rate, genotype, and stage 
of seed development at harvest, are important factors to be considered in order to preserve 
high viability and vigor (Reiss, 1944; McRostie, 1949; Struve, 1958; Burris and Navratil, 
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1984; Herter and Bums, 1989). During the drying process, profound physiological 
modifications allow the seed to maintain and restore vital functions upon imbibition and 
subsequent germination. The drying environment and the ability of the seeds to tolerate that 
environment determine survival and subsequent physiological quality of the seed. 
This review explores those factors associated with desiccation injury and also 
examines the changes in the seeds which are responsible for adaptation to a low moisture 
content. 
EfTect of temperature and drying rate 
Temperature is an important factor that can have detrimental effects on the drying 
process. Little is known about the effect of heat stress on maturing seeds. Most of the 
information is related to other plant tissues (Levitt, 1980). One of the most accepted theories 
is that high temperatures cause injury through enzyme denaturation. Temperatures that can 
cause injury fall within a wide range depending on the type of tissue studied. No injury was 
detected in dry seeds of maize and wheat until the temperature was high enough to break the 
valence bonds in proteins and other protoplasmic compounds (Robbins and Petsch, 1932; 
Levitt, 1980). Danill et al. (1969) reported disorganization of the tonoplast, plasmalemma, 
and chloroplast membranes during exposure to high temperatures, and concluded that 
disintegration of the cell membranes is the primary cause of seed injury. Seyedin et al. (1984) 
reported that electrolyte and sugar leakage were significantly increased after drying at high 
temperature (>45°C) as compared with low (35°C) temperatures. In similar studies, Herter 
and Burris (1989) presented results of higher conductivity and also suggested that membrane 
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injury is one of several expressions of drying damage. Seyedin et al. (1982) determined the 
respiration rate of seeds during drying at 35°C and 50°C. They found that high drying 
temperature (50°C) substantially reduced the respiration rate and they suggested that this was 
due to limitations in water content, especially after 18 h of drying. 
Histochemical studies of cells in the embryonic axes of maize seeds that have been 
dried at high temperatures reveal degradation of starch grains, suggesting the initiation of 
catabolic processes. These processes, which are likely en2ymatic, would be stopped by the 
loss of moisture before any elongation of meristematic cells could occur (Seyedin and Burris, 
1984). However, these catabolic events during drying could initiate the aging process, and 
contribute to the overall diying injury. Navratil and Burris (1984) and Washko (1941) 
demonstrated that root tissue is more susceptible to drying injury than is shoot tissue. The 
number of starch grains in the root of the embryonic axis was substantially reduced after 
drying at high temperature (>45°C) while electrolyte and sugar leakage were reported to 
increase (Seyedin et al., 1984). Studying mitochondria! integrity in maize root axes, Burris 
and Madden (1991) reported reduced capacity for de novo synthesis of adenine nucleotides in 
samples that were treated with high temperature (45°C) during drying. Further, 
ultrastructural characteristics of the mitochondria in meristematic root cells were found to 
exhibit poor differentiation and the accumulation of electron-dense aggregates. They 
concluded that the high drying temperature reduced the mitochondrial integrity of the 
germinating axes. Studying the physiology of aging and its relation to drying, Roberts (1981) 
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concluded that the majority of subcellular systems, including the genome, could be damaged 
during drying. 
Seed maturity at harvest and drying temperature are well known to be important 
criteria of safe seed drying. With progressive moisture loss in the field, com seed becomes 
more tolerant to high drying temperatures. Ears that were harvested at 40-50% moisture 
content could be safely dried to 12% moisture with temperatures around 40 °C (Kiesselbach, 
1939; Washko, 1941; McRostie, 1949; Navratil and Burris, 1984). However, ears harvested 
with moisture content below 25% could be safely dried with temperatures near 50°C 
(Wileman and Ullstrup, 1945; Navratil and Burris, 1984). For seed harvested at 40-45% 
moisture, Navratil and Burris (1984) reported higher levels of vigor (95% germination in the 
cold test) when a drying temperature of 40°C or lower was used. Even though temperature 
plays a major role in drying injury, the rate of moisture removal is also considered important. 
In studies carried out by Knittle and Burris (1976), maize seeds exhibited high (>95%) 
standard germination values when ears were harvested as early as 35 days after silking at 60% 
seed moisture and dried slowly. When shelled maize seed samples were desiccated rapidly in 
a vacuum, similar levels of injury were obtained regardless of whether the seeds were dried at 
50°C or 30°C (Struve, 1958). In contrast, a positive effect of high ear maize drying rates was 
suggested by Navratil and Burris (1984). The inbred line A632 dried more rapidly than B73 
or Mo 17. This inbred line was also more tolerant to drying than the other two. It was 
speculated that tolerant genotypes may be able to dissipate moisture at a higher rate and 
therefore avoid prolonged exposure to high temperatures at high moisture contents during the 
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drying process. Genotypes vary with respect to susceptibility to drying injury. Reiss (1944) 
showed that seed from the inbred line Wf9 experiences more injury than seed from the inbred 
line R4 during dessication. Moreover, McRostie (1949) reported differences among inbreds 
used as females with regard to drying injury. Bdliya and Burris (1988) studied parental 
influence on the susceptibility to drying injury. They concluded that major variations in 
tolerance or susceptibility were associated with maternal and or cytoplasmic inheritance. 
These studies indicate that temperature, drying rate, genotype, harvest maturity, and their 
interactions are important factors. They affect the integrity of metabolic systems and 
determine the level of injury during desiccation. 
Morphological changes during desiccation 
Very few studies have addressed the anatomical changes at the cellular level in 
response to desiccation. Most ultrastructural reports on seeds are directed to either early 
embryogenesis or to the germination process, and not to the late stages of maturation when 
the desiccation process occurs. Recalcitrant seeds have received considerable attention 
because of their sensitivity to desiccation. One of the first reports addressing this topic was 
the study of cell structure in relation to desiccation in developing lima beans (Klein and 
Pollock, 1968). In cells of the youngest axes (inmature, 75% moisture content), ribosomes 
tended to be grouped into the polysome which surround the endoplasmic reticulum. As the 
cells mature, the polysomes disappeared and free ribosomes appeared in the cytoplasm. 
Mitochondria in the young axes contained electron-dense matrices and swollen cristae; with 
maturation, the mitochondrial matrices became optically empty and the cristae less swollen. 
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Chloroplasts in young cells contained grana which disappeared as the seeds matured. Klein 
and Pollack (1968) concluded that structural changes in the seeds during maturation-drying 
are not destructive but that they are a consequence of physiological modifications which are 
necessary to prepare the cells to withstand desiccation. The ultrastructural features in the 
axes of Landolphia kirkii at various developmental stages in relation to desiccation was 
studied by Beijak et al, (1992). They found few obvious characteristics that could be 
correlated with the increased desiccation sensitivity. However, they suggested that subtle 
intracellular changes in degree and pattern of vacuolation might be relevant to increasing 
desiccation sensitivity. Fewer vacuoles were found at maturity (desiccation tolerant) as 
compared wdth a significant increase in vacuoles during early germination (desiccation 
intolerant). This increase was correlated with de novo formation of vacuoles. Leprince et al. 
(1990) made ultrastructural comparisons between desiccation-intolerant and desiccation-
tolerant stages in Brassica campestris seeds. They found no structural modifications between 
the two stages except a strong depletion of starch coincident with the appearance of 
stachyose and an increase in sucrose. Beijak et al. (1994) studied the effect of temperature on 
ultrastructural responses to dehydration in seeds of Zizania palustris. When seeds were 
dehydrated at 5°C and/or 15°C, they sustained considerable damage to the embryonic axes. 
The damage included degradation of the nuclear envelope, discontinuity of the plasmalemma 
and tonoplast, and a general absence of organelles. Axes exhibited less damage when 
desiccation was carried out at 25°C. In those cells, integrity was maintained, organelles 
retained internal structural organization, and membranes showed no abnormalities. Seeds 
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desiccated at 30°C presented minor, but consistent damage particularly in the nuclear and 
plasmalemma membranes. The authors suggested that 25°C represented the optimal 
dehydration temperature, and desiccation at this temperature should be used to classify species 
as either orthodox or recalcitrant, according to the original definitions (Roberts, 1973). 
Ultrastructural observations in Phaseolus vulgaris seeds at two different stages in 
development were studied by Dasgupta et al. (1982). Cells at both 22 and 32 days after 
anthesis contained a number of discrete organelles; particularly prominent and abundant were 
the protein bodies. After desiccation and rehydration for two h, considerable modifications 
occured in the 22 d old axes. Protein bodies flised and formed large vacuole-like structures, 
and mitochondria lost much of their internal definition and appeared to contain small vesicles. 
Even after rehydration for 24 h, the collapsed cells were still evident. In contrast, cells from 
the axes of 32 d old seeds showed little, if any, of these changes. Fusion of the protein bodies 
did not occur, and there was no sign of vesiculation in or disruption of the mitochondria. The 
authors documented some morphological changes that occur in desiccation tolerant and 
desiccation intolerant tissue upon germination. However, it is important to note that these 
variations are not comparable with those occuring during the desiccation process per se. The 
only morphological change associated with desiccation in mustard {Sinapsis alba L.) was the 
accumulation and degradation of starch. Fisher et al. (1988) reported that during 
development and maturation, the mustard embryos start to accumulate starch 14 days after 
pollination (DAP). The accumulation reaches a maximum at about 28 DAP and disappears 
completely afterwards. This transient starch accumulation was correlated with major changes 
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in the morphology of the plastids. At the beginning of maturation, the young plastids rapidly 
increased in size. After 21-35 DAP, the interior of the plastids were almost completely 
engorged by large starch grains. The starch breaks down completely during the following 
week. Coincidently the plastids shrink and assume the morphology of proplastids typical of a 
dry seed. This change in starch metabolism occurs in parallel with increases in simple sugars 
like sucrose. The relative importance of this phenomenon in inducing desiccation tolerance is 
addressed in detail in the next section. 
How the genetic information (DNA) survives desiccation and retains the capacity to 
repair and function during germination is also a topic of ongoing research. Even though there 
is no well established hypothesis for the mechanism of DNA survival during seed desiccation, 
there are several theories. Dasgupta et al. (1982) reported no changes in histone stability 
among desiccation-intolerant and desiccation-tolerant seeds. However, they found differences 
in the level of DNA synthesis upon imbibition of the intolerant and tolerant tissue. There 
was an increase of about 15% in the incorporation of thymidine in the more mature (tolerant) 
tissue. These authors suggested that instability within the chromatin during desiccation can be 
attributed either to the DNA itself, or to changes in non-histone proteins. More recently, 
Osborne and Boubriak (1994) reported that the DNA of desiccation-intolerant and -tolerant 
cells of certain embryos {Secale cereale, A vena fatud) and wind-dispersed pollen had different 
biochemical and structural characteristics. They indicated at least four different modifications 
in the DNA during the acquisition of desiccation tolerance. They suggested that the loss of 
seed moisture during maturation-drying may lead to conformational changes in the 
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oligonucleotides of DNA. One of the alterations likely to occur is the change from the normal 
B helix form, to an A or Z helix. Secondly, the incorporation of LEA/SASP-like proteins 
might lead to structural modifications. Third, an increase in methylation of specific purines 
and pyrimidines; and fourth, glycosylation of DNA related proteins such as histones. It is 
important to note that many of these conclusions are based on preliminary results. In addition, 
many of these experiments were performed on pollen grains, bacterial spores, or other non-
seed tissues. Nonetheless, they offer a perspective of the desiccation-dictated changes in 
DNA structure that might be responsible not only to ensure DNA stability in the dry state, but 
also be responsible for prescribing modifications in gene expression in response to desiccation. 
So far, no major morphological changes in response to normal maturation-drying have 
been reported in the literature. Many morphological variations are found when the cell is 
exposed to different drying regimes, or when rapid desiccation occurs at different stages in 
development. In other words, most of the structural changes reported occured as a response 
to a deleterious environment and not to normal desiccation. This indicates that most of the 
modifications during desiccation may take place at the biochemical or physiological level. 
Biochemical and physiological changes during desiccation 
Distinctive cellular and molecular changes in carbohydrate, lipid, and protein 
composition also occur in seeds during desiccation. Most research in this area has been 
directed at the interaction of these compounds in cellular membranes because they have long 
been known to be the primary site of desiccation damage (Simon and Raja Harun, 1972). 
Biological membranes are composed of phospholipids and proteins. In a hydrated state they 
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form a bilayer or lamellar configuration in which the polar head groups form a hydrophilic 
region and the non-polar fatty acid chains form a region that is hydrophobic. During 
desiccation this lamellar configuration may adopt other configurations, the best known of 
which is hexagonal II (Hn). In Hn the phospholipids form cylinders with the polar head 
groups oriented into an aqueous core. The existence of this configuration in pure phospholipid 
systems has been demonstrated through X-ray diffraction (Luzzati et al., 1962; Rand and 
Luzzati, 1968; Saludjian and Reiss-Husson, 1980; Tardieu et al., 1973), freeze-fi^acture 
electron microscopy (Deamer et al., 1970; Vail and Stolleny, 1979; Verkleij et al., 1980), and 
thin-section electron microscopy (Jungerand Reinauer, 1969; Stoeckenius, 1962). The 
occurance of a hydration dependent Hu configuration in a natural biological membrane was 
demonstrated by Crowe and Crowe (1982); Crowe et al. (1981); Toivio-Kinnucan et al. 
(1981). According to Simon (1978), important consequences can be predicted for a cell 
whose plasma membrane has undergone a change to Ha during dehydration. Simon 
speculated that integral proteins might be expected to be displaced from the membrane or at 
best associate in an abnormal way. Upon rehydration, these proteins can be lost from the 
membrane or can reassociate with the bilayer in a way which is inconsistent with normal 
fijnction. In addition, Simon (1974) suggested that if a dry cell with its membranes in Hn 
configuration is immersed into water, an effective permeability barrier would not exist until 
the phospholipids resumed the lamellar phase. Thus, the cell would leak its contents into the 
surrounding medium. The proposition that membranes of dehydrated cells may exist in Hn 
has been questioned by Crowe (1982) and McKersie and Stinson (1980). McKersie and 
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Stinson (1980), who studied configuration changes in lipid extracts of seeds using X-ray 
diffraction, reported that at lower water contents most of the lipids were in the lamellar 
configuration. However, they also found that these extracts contained 25-30% 
phosphotidylethanolamine (PE), which is known to enter Hn at low water content (Reiss-
Husson, 1967). They suggested that during desiccation some phospholipids more quickly 
adopt the Hn phase than others. Studying desiccation tolerance in maize seeds, Chen and 
Burris (1991) reported a doubling of the phosphatidylcholine (PC)/PE ratio, plus an increase 
in saturated fatty acids. These changes were associated with reductions in leakage in response 
to desiccation. Under water-deficit stress, PE decreases and PC increases in wheat 
(Liljenberg and Kales, 1985) and in oat seedlings (Vigh et al., 1986) it results in an increased 
drought resistance. Quinn (1983) suggested that changes in cell membranes under 
environmental stress are related to the appropriate balance of bilayer and nonbilayer forming 
lipids. It was established that PC tends to form a bilayer configuration, whereas PE enters the 
Hn configuration at low moisture content (Gagne et al., 1985). It seems likely, therefore, that 
changes in individual phospholipids (PC and PE) are very crucial to the stabilizing of cell 
membranes during desiccation. These changes take place in parallel with a decrease in 
membrane lipid phase transition temperature, and favor the formation of a more stable and 
functional membrane in the dry state. 
Maintenance of a fijntional lipid bilayer configuration in a biological membrane 
depends upon hydrogen bonding and interaction with water. Water not only serves as a 
solvent in biochemical reactions, but also as a structural stabilizer. Hydrophilic and 
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hydrophobic interactions impart structure to macromolecules and organelles within cells. The 
water replacement hypothesis suggests that polyhydroxy compounds can substitute for water 
in stabilizing membrane structure during desiccation (Webb, 1965; Crowe, 1971; Santarius, 
1973). Several developmental studies have shown that sucrose may serve as the principal 
contributor of desiccation tolerance, with the larger non-reducing oligosaccharides such as 
stachyose and verbascose in soybean seeds and other legumes (Amuti and Pollard, 1977; Kuo 
et al., 1988; Blackman et al., 1992), raffmose in maize seeds (Chen and Burris, 1990) and 
more recently galactinol in castor bean and galacto-c/j/>o-inositol in buckwheat (Horbowicz 
and Obendorf, 1994). They all serve to keep the sucrose from crystallizing (Koster and 
Leopold, 1988; Dufilis and Binnie, 1990; LePrince et al., 1990). Loss of these simple sugars 
from the seed usually correlates with loss of desiccation tolerance and reduction in vigour, 
viability, and storability. 
A related role for sucrose and some oligosaccharides is that they may contribute to the 
formation of a glassy (or vitrified) state in dry seeds. The ocurrence of this state has been 
reported in numerous studies (William and Leopold, 1989; Bruni and Leopold, 1991,1992a, 
1992b; Sun and Leopold, 1993; Dzuba et al., 1993; Maki et al., 1994). In most seeds, the 
increase in these simple sugars with maturation drying and leakage, or hydrolysis with 
germination, relates well to the acquisition and loss, respectively, of tolerance to desiccation 
(Leopold et al., 1992). However, while the glassy state may contribute to seed tolerance to 
desiccation, its major function in dry seeds may be its contribution to the stability of the seed 
components during storage (Burke, 1986; Leopold et al., 1994). These include suppression of 
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tissue collapse as water is withdrawn, avoidance of crystalization of cytoplasmic components, 
and increased resistance to water loss. 
Seeds usually lose desiccation tolerance during early development or during 
germination. Several studies have suggested that free radicals mediate the changes leading to 
the damage exhibited by the phospholipid bilayers during this period of desiccation intolerance 
(Crevecoeur et al., 1976; Senaratna and McKersie, 1983, 1984, 1986). This damage includes 
membrane disassembly and consequent de-esterification of membrane phospholipids. The 
accumulation of saturated free fatty acids may alter the physical properties of the membrane 
with the concomitant loss of physiological fijnction (Dhindsa and Matowe, 1981; Senaratna 
and McKersie, 1987). There is little convincing evidence that the depletion in the supply of 
antioxidants can be the major cause for the increased amounts of free radicals such as 
activated forms of oxygen. Senaratna et al. (1985) found a relationship between loss of 
antioxidants and the decrease in desiccation tolerance in soybean axes. This is in contrast to 
the results ofPriestly et al. (1980), Dhindsa (1987), and LePrince et al. (1990) which indicate 
that concentrations of antioxidants such as glutathione and a- and y- tocopherol remained 
constant during desiccation stress in soybean and maize seeds. They suggested that the main 
cause for the accumulation of free radicals during loss of desiccation tolerance is the 
suppression of enzymatic systems which are responsible for antioxidant recycling. The 
specific enzymes which were found to decline in response to desiccation stress included 
superoxide dismutase, peroxidase and glutathione reductase. These enzymatic systems are 
major participants in the protection against activated forms of oxygen. LePrince et al. (1994) 
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indicated that the accumulation of free radicals is closely linked to respiration, in a process 
likely involved in the desiccation-induced impairment of the mitochondrial electron transport 
chain. Madden (1991) reported that high temperature drying had a negative effect on the 
flinction of the mitochondrial systems. This effect was expressed by a decline in the energy 
status (nucleotide pools) during germination and morphological disruptions to the 
mitochondrial matrix. Leprince et al. (1994) suggested that these desiccation-induced 
disturbances lead to the formation of thermodynamically favorable conditions which induce 
the accumulation of a stable free radical (NADH or the ubiquinone pool) and peroxidized 
lipids. These free radicals may be responsible for a series of degenerative processes in the cell, 
including membrane damage. 
Protein synthesis induced by desiccation has been the topic of many studies (Dure et 
al., 1981; Eisenberg and Mascarenhas, 1985; Galau and Hughes, 1987; Galau and 
Bijaisoradat, 1988; Gomez et al., 1988; Goldberg et al., 1989). A group of hydrophilic 
proteins that accumulate in association with seed maturation and drying were identified in 
cotton seeds by Dure et al. (1981). Later, these proteins were identified as LEAs, for late 
embryogenic abundant (Galau et al., 1986). LEA proteins reach maximum accumulation late 
in maturation, persist in the dry seed, and disappear during germination (Dure et al, 1981). 
Based on the presence of specific structural motifs (Dure, 1993 a, b), some LEAs are classified 
as having a large a-helical portion at the N-terminal with the rest as random coil; others exist 
as random coils which are rich in glycine and hydroxylated amino acids. Based on conserved 
amino acid sequences, at least six groups of LEAs have been described (Dure et al., 1989). 
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Some LEA proteins can be induced in seeds by premature desiccation or abscisic acid (ABA). 
In vegetative plant tissues, they accumulate in response to ABA, water stress (Mundy and 
Chua, 1988; Skriver and Mundy, 1990; Bostoclc and Quatrano, 1992) and cold and salt stress 
(Mohaptra et al., 1988). These LEAs are called responsive-to-ABA (RAB) proteins (Mundy 
and Chua, 1988) or dehydrins (Close et al., 1989), and they form the Group 2 LEAs as 
determined by sequence analysis. Some specific examples of the occurrence of these proteins 
in nature are found throughout the literature. In cotton seeds LEA Group-2 proteins were 
found virtually in all cell types throughout the seed (Robert et al., 1993). In maize seedlings. 
Close et al. (1989) found a 20 kDa "dehydrin" LEA protein which was induced by ABA and 
water stress. In embryos and seedlings of wild rice undergoing dehydration, Bradford and 
Chandler (1992) found proteins similar to the 20 kDa "dehydrin". These proteins were not 
only inducible by ABA, but they also showed reactivity with the dehydrin antibody. Peterson 
(1993), studying maize seed desiccation, reported that a 66 kDa protein accumulated in 
response to increased drying time and decreased harvest moisture. This protein was heat 
soluble (non-heat denatured) and was characterized as an alanine and glycine rich and similar 
to the group-2 LEAs which have comparable conserved amino acid sequences. Some 
researchers speculate on the specific role that these proteins play in desiccation tolerance. 
Dure et al. (1993) associated the LEAs with the ability of desiccation tolerant tissue to bind 
water tightly during dehydration. Water binding properties of desiccation tolerant plant 
tissues have been found to differ from those of sensitive tissues (Vertucci and Leopold, 1987). 
This is in contrast to the finding of Gee et al. (1994) who reported accumulation of dehydrin-
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like proteins (LEA-2) from desiccation-sensitive (recalcitrant) seeds of Aceraceae and 
Gramineae families. They suggested that the accumulation of these proteins does not define a 
desiccation tolerant tissue, and that other factors which may interact with LEAs are necessary 
to confer desiccation tolerance. Working with soybeans, Blackman et al. (1991) also 
concluded that LEAs alone were necessary but not sufficient to induce desiccation tolerance. 
Many important biochemical and physiological changes occur in seeds during 
desiccation. These changes involve major seed components such as lipids, carbohydrates and 
proteins. Even though a substantial amount of information is available, the precise nature of 
desiccation damage, or the specific mechanism through which the seeds withstand this 
damage, still remains unclear. Desiccation is a very complex phenomenon and it is unlikely 
that seeds depend on a single mechanism to retain physiological fijnction upon re-hydration. 
Dissertation Organization 
This dissertation consists of a general introduction, literature cited, one paper 
" Histochemical, ultrastructural and physiological changes in the maize embryo during 
drying," and a general summary. The paper will be submitted for publication to Seed Science 
and Technology. The doctoral candidate, J. A. Perdomo, is the senior author on the paper 
with Dr. J. S. Burris as coauthor. 
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HISTOCHEMICAL, PHYSIOLOGICAL AND ULTRASTRUCTURAL 
CHANGES IN THE MAIZE EMBRYO DURING DRYING 
A paper to be submitted to Seed Science and Technology 
J. A. Perdomo and J. S. Burris 
ABSTRACT 
When drying high moisture (45-50% MC) Zea mays L. seeds, a period of initial drying 
at low temperatures (preconditioning, PC) is necessary to prevent injury due to subsequent 
high temperature drying. In this study, we preconditioned the maize seeds in four different 
environments (35°C / 35% RH, 35°C / 90% RH, 20°C / 35% RH, and 20°C / 90% RH) and 
determined the level of seed deterioration during this period in terms of reserve stability, 
enzyme activity, respiration and ultrastructural changes in the radicle meristem. The 
relationship between these changes and the final seed quality was evaluated. 
During PC, respiration rates were significantly higher for the 35°C compared to the 
20°C treatments. However, overall respiration during PC was considerably lower than that 
observed during germination. After 48 h of PC. amylase activity was present in all of the PC 
treatments but higher levels and additional isoenzymes were present in the 35°C / 90% RH 
treatment. This was the only treatment in which we found degradation of starch grains in the 
histochemical analysis. Transmission electron micrographs revealed migration of lipid bodies 
toward the cell wall and formation of protein bodies within cell vacuoles. Both of these 
processes were more likely to appear in those treatments that allowed for higher rates of 
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desiccation or in which the seeds were more mature. Mitochondrial cristae were well 
differentiated with no apparent impairment to their integrity in any of the PC treatments. 
Better seed quality was obtained when seed were preconditioned at higher (35°C) temperature 
and lower (35%) relative humidity. The combination of low temperatures and high relative 
humidities resulted in lower seed quality. 
We conclude from these results that the positive effects of preconditioning may occur 
as a balance between metabolic and morphological processes resulting in high temperature 
desiccation tolerance, while minimizing the negative impact of catabolic events described. 
Keywords: preconditioning, starch grain degradation, respiration, lipid bodies, mitochondria 
INTRODUCTION 
Orthodox or desiccation-insensitive seeds undergo desiccation during maturation, 
during which the water content decreases, while the tissues are filled with a variety of reserves 
such as, oil, starch, and protein (Copeland, 1976). This desiccation prepares the seed to enter 
a state of quiescence during periods when the environment may not be ideal for growth and 
development, thus ensuring the survival of the species (Bewley and Black, 1985). In nature, 
this dehydration occurs gradually as the seed moisture content reaches an equilibrium with the 
ambient air moisture content. However, in hybrid maize seed production, this desiccation 
usually occurs in an artificial dryer. During this process the seed is exposed to large volumes 
of heated air which facilitate the removal of moisture from the seed. This is a critical step in 
com seed production and requires good management, constant monitoring, and the use of 
large scale facilities. Yet, this process often limits harvest capacity and has been a frequent 
cause of seed injury (Harrison and Wright, 1929; Burris and Navratil, 1980). 
When seed com is harvested at seed moisture levels above 40 %, it is intolerant of 
high temperature (>40°C) drying ( Kiesselbach, 1939; Washko, 1941 ). This type of injury 
varies fi'om impairment of cell membranes (Herter and Burris, 1989) to reduced vigor and 
complete loss of viability ( Seyedin and Burris, 1982; Loeffler, Meier and Burris, 1985). 
Susceptibility to this type of injury can be reduced by exposing the high-moisture (45-50%) 
seed to a preconditioning period, during which the seeds are dried at a lower temperature (20-
35°C) for some period of time before subsequent high-temperature drying (Herter and Burris, 
1989). Preconditioning not only represents an alternative drying management, but can be 
used as a model to study desiccation tolerance in maize seed. A specific concern for seed 
producers is that the seed moisture content may remain too high while the seed is exposed to 
high temperatures. This may occur during periods of high ambient relative humidity. 
Although this slow or no drying may have some positive effects in allowing the seeds to adjust 
to high temperature desiccation, it also increases the risk for seed deterioration. Further, 
because of inadequate dryer design or operation, seed in large scale drying bins may not dry 
uniformly or promptly. When this occurs, portions of the bin may experience non-drying 
conditions. This often includes elevated temperatures and humidities or some combination of 
both. This may result in conditions conducive to the development of seed/air borne 
microrganisms, as well as an elevated rate of physiological deterioration. 
Many biochemical changes occur within the seeds during preconditioning which are 
thought to contribute to high temperature desiccation tolerance. It is well established that 
membrane phospholipids play an important role in acclimatization of plants to environmental 
stress (Senaratna and McKersie, 1984; Senaratna and McKersie, 1987; Hoekstra and Roekel, 
1988; Taiz and Zeiger, 1991). Chen and Burris (1991) reported that phosphatidylcholine 
(PC) accumulated, resulting in an increase in the PC/phosphatidylethanolamine (PE) ratio as 
the high-temperature desiccation tolerance was induced during preconditioning. This increase 
in PC/PE ratio coincided with a decrease in both phase transition temperature and enthalpy of 
transition, indicating more stable membranes. They also reported a shift in the fatty-acid 
composition of the membrane lipids from linoleic acid (18:2) to oleic acid (18:1) during 
preconditioning, indicating a more saturated fatty acid composition. This change may prevent 
excessive fluidity of membrane lipids during high temperature drying preventing the loss of 
physiological function (Raison et al.,1982 ; Taiz and Zeiger, 1991). These changes in the 
membrane phospholipids could be considered a mechanism in high temperature desiccation 
tolerance. 
Simple sugars have been reported to be involved in the resistance of seeds to 
desiccation (Koster and Leopold, 1988; Blackman et al., 1992 ). Their concentration 
increases during the maturation of orthodox (desiccation insensitive) as well as of recalcitrant 
(desiccation sensitive) seed species ( Farrant et al.,1992). Most studies of this process 
support the hypothesis that sugars act by substituting for water and stabilizing membranes in 
the dry state (Crowe et al., 1986) or by inducing intracellular vitrification at ambient 
temperature (William and Leopold, 1989). Sucrose is the primary soluble carbohydrate 
associated with the seed acquisition of desiccation tolerance. This increase is often associated 
with the level of oligosaccharides such as raflfmose, stachyose or verbascose (Amuti and 
Pollard, 1977; Crowe et al., 1986). Stachyose was found to be the predominant soluble sugar 
in seeds oi Avicennia marina (Farrant et al., 1992) and in axes of soybean seeds during 
induction of desiccation tolerance (Blackman et al., 1992). In maize seed during the 
preconditioning period, Chen and Burris (1990) reported that total soluble sugar 
concentration decreased during this period with no significant change in individual 
monosaccharide content, in addition sucrose and raffinose increased significantly. They 
concluded that soluble sugar compositional relationships, rather than absolute content may 
play an important role in membrane stabilization and desiccation tolerance, in general. 
Several studies have addressed the metabolic and biochemical changes which are 
important in preventing injury due to high temperature desiccation. Different levels of 
tolerance are expressed depending on the specific environment in which they are 
preconditioned. Seeds acquired a high level of tolerance in a shorter period of time when 
seeds were preconditioned in a drier environment compared to a high moisture environment 
(Herter and Burris, 1989). 
This study was conducted to increase our understanding of the physiological changes 
that occur in the later stages of maturation and how they contribute to increased tolerance to 
high temperature desiccation. The specific objectives were twofold: to determine the level of 
deterioration during different preconditioning environments; and secondly, to study how this 
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deterioration may affect the final seed quality. Seed deterioration was studied by monitoring 
oxygen uptake, reserve stability, hydrolytic enzyme activity and morphological changes in the 
radicle meristem. Seed viability, vigor and membrane leakage were measured as indicators of 
seed quality. 
MATERIALS AND METHODS 
Plant Material 
2ea mays (L.) plants from a modified single cross between the inbred, B73, and the 
sister line single cross, H99 X H95, were grown in 1992, 1993 and 1994, at the Curtiss 
Farm, Iowa State University, Ames, lA. Each year, ears were harvested at 50% and 45% 
moisture content (MC), as measured by the oven drying method (Grabe, 1989), which 
corresponds to approximately 70% and 85% of maximum dry matter accumulation. After 
dehusking, ears with similar milk line development were selected so as to reduce the moisture 
variability. These selected ears were tagged and assigned to the respective drying treatments. 
Drying Treatments 
A combination of aluminum chambers and thin layer dryers were used for 
preconditioning and drying the ears. Relative humidity (RH) was achieved in the chambers by 
various mixtures of water and glycerin. The chambers were placed in different rooms set 
either at 20°C or at 35°C. This arrangement created the following preconditioning 
environments, 20°C / 35% RH, 20°C / 90% RH, 35°C / 35% RH, and 35°C / 90% RH. 
Temperature and relative humidity were monitored using hygrothermographs. Samples were 
transferred at 12 h intervals to thin layer dryers and the drying process was completed at 45°C 
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down to 12% MC. After drying, the samples were hand shelled, cleaned, and stored at 10°C / 
50% RH. These samples were used for further seed quality evaluations. 
Seed Moisture Content Measurements 
During the preconditioning period, seed moisture content was monitored using the 
oven dry method. Two samples of five grams each were placed in an air convection oven at 
105°C for 24 h. Moisture content was measured as a difference in weight and expressed as 
percentage of the wet weight. 
Respiration Measurements 
During the preconditioning period, respiration rates of the seed fi"om different 
treatments were measured manometrically in a Gilson Differential Respirometer. Two 
replications of four seeds per sample were used. Each sample was placed in the bottom of the 
flask with 3 ml of distilled water. Potassium hydroxide (KOH, 30%WA'') and a paper wick 
were placed in the flask center well as a CO2 absorbent. The system was purged with CO2 
free air at the beginning of each experiment. Oxygen uptake was determined as |al per min per 
seed over an average of 4, 10-minute periods. Measurements were adjusted for temperature. 
Histochemical Determinations 
Total protein and carbohydrate profiles within the maize seed embryos were monitored 
using light microscopic histochemistry. During the preconditioning period, ears were 
removed at 0, 24 and 48 h, and the entire embryo was dissected from each seed and 
immediately placed in freshly prepared fixative (2% paraformaldehyde, 2% glutaraldehyde in 
0.05M phosphate buffer at pH 7.2). During this fixation process, the embryos were placed in 
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a low vacuum for 45 min to extract the air from the tissues. This process was carried out for 
24 h at 4°C. The embryos were then rinsed three times in the phosphate buffer. To dehydrate 
the embryos, a graded ethanol series was used (25, 50, 70, 95, 100%) in which the embryos 
were held for two h in each step. The dehydrated embryos were transferred to xylene for 72 h 
and infiltrated with several changes of paraffin at 70°C for 96 h. At the end of the infiltration 
period, the embryos were cast in paraffin in aluminum weighing dishes and prepared for 
sectioning. Longitudinal, 8 |jm thick serial sections of the entire embiyo were obtained using 
a Leitz 812 microtome and then placed on slides coated with Haupt's adhesive. 
Localization of total protein Sections were deparaffinized in xylene and hydrated in 
95% ethanol, then stained for protein (Mazia, Brewer, and Alfert, 1953) for 30 min with 
mercuric-bromphenol blue in 95% ethanol. After staining, sections were differentiated in 
0.5% acetic acid for 12 min and in 0.1 N acetate buffer for four min. The slides were briefly 
rinsed in distilled water and dehydrated in an ethanol series to xylene. Sections were then 
mounted in Permount, 
Localization of water insoluble polysaccharides [periodic-acid-SchifPs (PAS) 
reaction] Paraffin sections were deparaffinized in xylene, brought to water in a series of 
graded ethanol. The sections were hydrolyzed in 0.5% periodic acid at room temperature 
(RT) for 30 min, after a wash in running water for 10 min, the slides were stained in SchifFs 
reagent at 4°C for 30 min, then rinsed for 20 sec in tap water and placed in 2% sodium 
bisulfite for two min. Sections were then counter stained with hemalum (progressive 
Mayer's) solution (Sass, 1958), for two min. The sections were dehydrated in a ethanol series 
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to xylene and mounted in Permount. Observations and photographs were made using a Leitz 
Orthoplan microscope provided with a Leica Wild MP 552 camera and Kodak Tungsten 64 
film. 
Transmission Electron Microscopy 
During preconditioning maize seed embryonic axes were dissected at 0, 24, and 48 h. 
The axes were cut into three sections: mesocotyi, shoot, and radicle. All sections were 
immediately placed in freshly prepared fixative consisting of 2% paraformaldehyde, 2% 
glutaraldehyde, 1.0 mM calcium chloride and 0.05 M phosphate buffer, pH 7.2, for 24 h at 
4°C. Specimens were rinsed in buffer and double-fixed with 1% osmium tetroxide in 0.05 M 
phosphate buffer for 24 h at 4°C. After three rinses in phosphate buffer for 15 min, the axes 
were placed in 7% aqueous uranyl acetate (24 h at 4°C) as a stain-preembedding step. The 
axes were then dehydrated in ethanol graded series (25, 50, 70, 95, 100 %) for two h in each 
step. Samples were placed in propylene oxide and slowly infiltrated in Spurr's resin 
(Spurr,1969; hard mixture). At the end of the infiltration period, samples were cast in pure 
resin in weighing dishes and polymerized at 70°C for 72 h. Thick sections (2 |im) were 
obtained to determine the specific location of the subapical meristem. Thin sections (80 nm) 
of the meristem were cut using a Reichert Ukracuts microtome and a diamond knife. These 
sections were placed on 200 mesh copper grids and post-stained with lead citrate 
(Reynolds, 1963) and aqueous uranyl magnesium acetate (Stempak and Ward, 1964) for 20 
min. The specimens were viewed and photographed in a JEOL 1200-EX Scanning 
Transmission Electron Microscope, using Kodak SO-163 film. 
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Enzyme activity determination 
Enzyme activity studies were performed on seeds that were frozen fresh in liquid 
nitrogen and stored at - 40°C. The scutellum tissue from seeds of the different 
preconditioning treatments was dissected and the activity of starch degrading enzymes 
studied. 
Protein extraction Soluble protein was extracted by macerating 0.25 g of scutellum 
tissue in 200 |jl of 1.5 M Tris-Cl buffer, pH 8.8, with a chilled mortar and pestle. Cell debris 
was pelleted by centrifligation at 14,000 rpm for 20 min at 4°C. Supernatant was collected 
and total protein concentration determined using the method of Bradford (1976). The protein 
extract was then used for analysis of amylase activity and zymogram assay. 
Amylase activity analysis The starch-iodine method previously described by Perten 
(1966) was used to determine total amylase activity. Lintner-soluble starch (1%) was 
digested by incubation with the enzyme extraction supernatant at 36°C for 5 min. After 
incubation, 0.5 ml of iodine and potassium-iodine (I2-KI) solution was added to stop the 
reaction. Absorbance was measured at 620 nm using a Beckman DB-GT spectophotometer. 
Zymogram analysis Equal amounts of total protein from each of the preconditioning 
treatments were loaded on a polyacrylamide and 0.5% soluble starch gel. Following 
electrophoresis, the starch gel was incubated in a 50 mM sodium acetate buffer, pH 5.6 with 
IM calcium cloridefor one h. After the incubation period, the gel was stained with 10 mM 
iodine and 14 mM potassium iodine. Areas of enzyme activity (light blue or translucent 
bands) were identified on the gel (Kakefunda and Duke, 1984; Manchenko,1994). 
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Embryo culture 
During the preconditioning period, embryos were excised from the maize seeds. The 
endosperm-free embryos were surface sterilized for three min with 2% sodium hypochlorite 
and rinsed with sterile water before planting. A Murashige and Skoog (MS) multiplication 
cell culture medium (Sigma Chemical Co.) was used. Ten embryos randomly selected from 
each treatment were planted on medium plates and cultured for 72 h at 27°C. At the end of 
this period, the length of the shoot and root of each seedling was measured. 
Seed quality determination 
Seed quality test on dry seed (12% MC) following storage for at least six months at 
10°C/50% RH included ; standard germination, cold test, seed weight and conductivity tests. 
Standard germination For the standard germination test, 400 seeds (100 
seed/replication) were placed on moistened Kimpak medium and incubated at 25°C for 7 d 
according to the rules for testing seeds (AOSA, 1985). Seedlings were classified as normal, 
abnormal, or dead (AOSA, 1985), and "% germination" is the average of normal seedlings in 
the four replications. 
Cold test The cold test was carried out according to AOSA Vigor Handbook 
(1983). Two hundred seeds (100/rep) were planted on moist, pre-chilled (10°C) Kimpak 
medium. The seeds were covered with a mixture of sand/soil (4:1) and incubated at 10°C for 
7 d. then transferred to 25°C for 7 d. Seedlings were evaluated as in the standard germination 
test. 
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Seed weight Seed weight was measured by counting 1000 seeds using a Seedburo 
Equipment Co. seed counter. Model 77-10. Seed weight was expressed as weight (g) per 
1000 seeds. 
Conductivity test An automatic seed analyzer, ASA 610, was used to measure 
conductivity. Three replication of 50 seeds each were soaked for 12 h at room temperature 
(RT). Conductivity was recorded in microsiemens (nS). 
Statistical analysis 
Experiments were randomized in the following way : treatment temperature (20°C and 
35°C) and harvest (1 and 2) were randomly assigned to the first experimental unit (rooms) to 
comprise the main plots. Within each room, the second experimental unit (chambers) received 
the treatment relative humidity (35% RH and 90% RH), these formed the sub-plots. Within 
each chamber, repeated measures were made at 12, 24, 36, and 48 h, which became the sub-
sub plot. Years (1992, 1993, 1994) represented the blocks or repetitions. Data was analyzed 
using the Statistical Analysis System (SAS) program. 
RESULTS 
Physiological determination 
Physiological changes measured during the preconditioning period included seed 
moisture content, oxygen uptake, embryo culture and hydrolytic enzyme activity. Variations 
in seed moisture content are given in Table 1. Relative humidity, time of preconditioning, and 
their interaction had a highly significant effect on seed moisture content. Seeds maintained in 
high relative humidity environment (90% RH), experienced slower rates of desiccation (0.04 
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% /h) compared to a faster rate (0.14 % /h) detected when seeds were kept in the low relative 
humidity (35% RH) environment. Seed moisture content during preconditioning was also 
affected by harvest time. Seeds preconditioned from the first harvest had higher (46% MC) 
moisture content levels than those preconditioned during harvest two (41% MC). This effect 
may be a direct response to harvest moisture, 50% MC for harvest one compared to 45% MC 
for harvest two. 
Table 1. Effect of relative humidity (RH) and time of preconditioning (PC) on seed moisture 
content 
Relative Humidity 
Time of PC 90% RH 35% RH Avg. 
"T2h 46.75 45.92 45.83 
24h 46.33 43.42 44.87 
36h 45.66 41.16 43.41 
48h 44.75 39.08 41.91 
7^ . 45.87 42.14 
LSDO.05 across time = 1.79. 
LSDo.05 across RH = 3.78. 
The conditions in which the seeds were held during the PC period, allowed for some 
degree of desiccation, however, the seed moisture content level in any of the treatments 
remains high enough to permit a wide range of metabolic activities. 
Respiration data collected during the 1992, 1993, and 1994 growing seasons are given 
in Figure 1. During the preconditioning period, overall changes in oxygen uptake were highly 
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Figure 1. Rates of oxygen uptalce by maize seeds harvested in 1992, 1993, and 1994 at 50% 
and 45% harvest moisture and preconditioned at 35°C (•) and 20°C (A). LSDo.oj across 
temperature means. 
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responsive (P>F = 0.0008) to changes in temperature. Very low oxygen uptake, for both 
harvests 0.5 and 0.8 (il/Oa/min/seed, respectively, was observed at the beginning (0 h) of the 
PC period. These low rates were also evident following 12 h of PC in all environments, even 
though seed moisture content was high (50-45% MC). After 24 h of PC, uptake increased to 
1.4 - 2 [jl/Oa/min/seed in the 35°C / 90% RH and 35°C / 35% RH treatments. This trend 
continued for the next 36 to 48 h reaching a maximum level of 1.8 - 2.5 |il/02/min/seed. In 
contrast, in seeds preconditioned at 20°C / 35% RH and 20°C / 90% RH , oxygen uptake 
remained low (0.5 - 1.3 jil/02/min/seed) throughout the entire PC period. 
Oxygen uptake was also significantly higher (P>F= 0.002) for harvest one compared 
to harvest two. Respiration rates measured in this experiment were two-fold lower than those 
reported to occur during the germination process (He, 1991). This may indicate the presence 
of a metabolic control that prevents the seed from exhibiting the rapid respiration rates 
associated with germination. This regulation may minimize the seed response to temperature 
which one could expect to be much higher than exhibited. 
Embryo growth after 72 h of incubation, indicated no significant difference in root or 
shoot growth among the PC environments or in time (0 to 48 h) of PC (Figure 2). This 
suggests that even though these embryos were exposed to very different PC environments 
when they are provided with equal and constant nutrient source and grown in favorable 
conditions, their metabolic systems were not impaired, and the embryo was capable of 
generating similar growth rates. Further, growth rates measured in this experiment are high 
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Figure 2. Growth rate of excised embryos cultured on MS medium. Means are of 
measurements from 1992 and 1993 samples. (• ) root ( • ) shoot 
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relative to those observed in the intact seed. This confirms the strong influence of the non-
embryo tissues (pericarp, endosperm) in controlling the germination process. 
Results of amylase activity assays are given in Table 2. No significant (P<0.05) 
differences were observed among treatments. However, there was a tendency for higher 
activity during PC at 35°C compared to 20°C, and more was evident in harvest two than 
harvest one. Treatment 20°C / 35% RH had the lowest (0.84-0.85) level of activity whereas 
treatment 35°C / 90% RH had the highest (0.57-0.80) amylase activity after 48 h of PC. This 
activity can also be observed in the zymogram in Figure 3. AJl treatments, including 0 h of 
PC, showed some level of activity manifested by the appearance of translucent bands on the 
gel. In the treatment 35°C / 90 % RH at 48 h of PC, additional bands appeared, indicating the 
presence of other isozymes. Results shown in the zymogram indicate the capacity of amylases 
in degrading soluble starch and do not differentiate between families (a or P amylases). 
Histochemical determinations 
Stored reserve stability during the PC period was studied by monitoring carbohydrates 
and total protein in the maize embryo, using light microscopy histochemistry. Micrographs of 
the PAS reaction in the maize embryo are given in Plates 1 and 2. Seeds from both harvests 
(70% and 80% total accumulation of dry weight, respectively) showed a mature, fully 
developed embryo. Well-developed starch grains are primarily localized in the lower portion 
(base) of the scutellum, adjacent to the sub-apical meristem (radicle). In this region the cells 
contain a large number of starch grains (shown as red dots and indicated by the arrow in 
micrographs A and B in Plate 1). 
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Table 2. Total amylase activity in B73 scutellar tissue during preconditioning 
harvest 1 (50% MC) Abssiomn (a) 
C° RH Oh 48 h 
20 35 0.88 0.85 
90 0.88 0.75 
35 35 0.88 0.79 
90 088 0.80 
harvest 2 (45% MC) 
C° RH Oh 48 h 
20 35 0.78 0.84 
90 0.78 0.84 
35 35 0.78 0.76 
90 078 0.75 
(a) n = 3 
(a) all values are determinations after 5 min digestion of 1% starch (Abs 620 nm= 1.12) 
A reduced level of starch deposition can be observed in the middle portion of the 
embryo at the plane of the scutellar node, and even less was localized at the tip of the embryo 
(Plate 1 A). This suggests, that during the filling process, starch accumulation concentrates 
around the region of the subapical meristem . The patterns of starch localization shown in 
Plate 1, A and B, also reflect the state of the embryo at harvest (50% and 45% MC) time. 
Upon higher magnification (Plate 2 A) starch grains are seen clearly developed within the cells 
of the subapical meristem. 
This pattern of starch grain accumulation remained stable following PC at 35°C / 35% 
RH, 20°C / 35% RH, 20°C / 90% RH, at 24 and 48 h of PC. In these treatments, the starch 
grains were similar to those found at harvest time. However, in the treatment 35°C 790% RH, 
a depletion of these reserves was evident following 24 and 48 h of PC (Plate 1 C and D). This 
Figure 3. Zymogram showing amylase activity during preconditioning. A, 20°C / 35% RH 
and 48 h; B. 20°C / 90% RH and 48 h; C, 35°C / 90% RH and 48 h; D, 35°C / 35% RH and 
48 h; E, 0 h of PC. 
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degradation was present throughout the embryo, at the base and in the scutellar node region. 
(Plate 2 B). Cells in these regions showed a prominent purple nucleus, which is visible due to 
the depletion of the surrounding starch. In addition, these cells had fewer and smaller starch 
grains in comparison with those cells in embryos at harvest time. Different levels of depletion 
were found throughout the 35°C/90% RH treatment but there was no consistent pattern; that 
is, severe depletion could be found at 24 h or 48 h of PC, at the same time as moderate or no 
depletion. This suggests that individual seeds had different levels of tolerance to treatment 
conditions. This response may be due to the different levels of primary dormancy which is set 
within an individual inflorescence (Taylorson and Hendricks, 1977). Seeds with a higher level 
of dormancy could better tolerate 35°C/90% RH conditions, showing less degradation of the 
storage reserves. 
Ultrastructure determinations 
Morphology of cells in the subapical meristem of the maize embryo during PC was 
studied using transmission electron microscopy. A summary of results are given in Table 2 
and in Plates 3, 4, 5, and 6. Morphological changes observed occurred over a 48 h period. 
At harvest (50, 45% MC) meristematic cells showed a prominent nucleus, nucleolus and 
abundant lipid bodies (synonymous: oleosomes, spherosomes, oil bodies) roughly 0.1 - 0.3 |am 
in diameter were found scattered throughout the cytoplasm. Vacuoles were small and 
electron transparent each with well defined tonoplast (typical of meristematic tissue). 
Numerous plastids containing starch (amyioplasts) were abundant throughout the cytosol, and 
many mitochondria were also present in these cells (Plate 3 A, Plate 4 A, Plate 5 A). 
Plate L Light microscopy histochemistry of 8 urn paraffin sections, showing the PAS reaction 
in maize embryo during preconditioning (PC). A, scutellar node region, 0 h of PC, 50% MC; 
B, basal section of the embryo showing the subapical meristem and the scutellum section filled 
with starch grains, 0 h of PC; C, scutellar node, showing depletion of reserves, 35°C / 90% 
RH for 48 h; D, basal region of the embryo showing depletion of starch in the scutellum 
region, (bars = 100 ^m). 
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Plate 2. Light microscopy histochemistry of paraffin sections showing the PAS reaction in 
scutellar tissue of maize embryo. A, at harvest time or 0 h of PC; B, seed preconditioned at 
35°C / 90% RH. (bars = 100 ^m). 
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During the PC period two significant moqjhological changes were observed. First, a 
migration of lipid bodies towards the cell walls occurred. An intermediate step in this 
migration is shown in micrographs Plate 3 B and Plate 4 B. A flill alignment of these lipid 
bodies near or against the cell walls (see arrows) is shown in micrographs Plate 3 C and D and 
in Plate 4 C. In harvest one (50% MC), only the PC treatment, 35°C / 35% RH at 48 h of 
showed this migration (see Table 3). This treatment also had the faster drying rate (0.20 % 
points/h) compared to the rest of the PC environments in this harvest. In harvest two, (45% 
MC) this migration occurred in all of the PC treatments. In the treatment 20°C / 90% RH, 
migration occured after 48 h of PC, however, for the rest of the treatments it occured within 
the initial 24 h of PC. Migration appears associated with seed moisture content below 45% 
MC. The second morphological change observed during this period was the formation of 
protein bodies within cell vacuoles. At the beginning of the PC period the small vacuoles 
were clear or electron transparent, they were not stained with the protein-binding uranyl 
acetate (Plate 3 A, Plate 5, A). Micrographs B and C (Plate 5) show intermediate steps in this 
process and micrograph D shows vacuoles almost completely filled. At this latter stage, the 
protein bodies are spherical in shape with a diameter of 0.3 - 0.8 (im, and are scattered 
throughout the cytosol. This sequence is also evident when vacuoles are followed from 
micrograph A to D in Plate 3. This process was not observed in the treatment at 20°C / 90% 
RH in either harvest or in 20°C / 35% RH during harvest one. 
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Table 3. Morphological changes in the maize embryonic radicle during preconditioning 
Harvest 1 Moisture content Oil body Vacuoles Mitochondria 
% migration 
C° RH% Oh 24 h 48 h Oh 24 h 48 h Oh 24 h 48 h Oh 2 4 h  4 8 h  
20 35 50 50 44 - - clear clear clear N N N 
90 50 49 49 - - clear clear clear N N N 
35 35 50 47 40 - + clear part flill N N N 
90 50 49 44 - - clear part part N N N 
Harvest 2 Moisture content Oil body Vacuoles Mitochondria 
% migration 
C° RH% Oh 24 h 48 h Oh 2 4 h  4 8 h  Oh 24 h 48 h Oh 2 4 h  4 8 h  
20 35 45 44 40 - + + clear part full N N N 
90 45 44 44 - + clear clear clear N N N 
35 35 45 40 36 - + 4- clear part full N N N 
90 45 44 43 - + 4* clear part part N N N 
The following symbols indicate: +, migration of oil bodies to the cell wall; oil bodies scatter 
through out the cytoplasm; clear, vacuoles are electron transparent; part, vacuoles partially 
stained with uranyl acetate; full, vacuoles completely stained with uranyl acetate; N, 
mitochondria well differentiated with abundant cristae; h, hours of preconditioning. 
In these treatments, the vacuoles remained clear throughout the PC period. In contrast, 
almost complete formation of protein bodies was observed in the treatment 35°C / 35% RH 
within 48 h, in both harvests. The 35°C / 90% RH treatment showed only partial formation of 
the protein bodies. 
Mitochondrial structure during the PC period was also studied. Characteristic 
mitochondrial structural organization is illustrated in Plate 6. In most cases the randomly 
oriented, sinuous mitochondria were cut transversely or obliquely presenting oval or elliptical 
profiles. These mitochondria were bounded by a smooth-contoured outer membrane. Within 
this limiting membrane, separated by a clear space is a second membrane. The inner 
membrane has numerous infoldings that project into each mitochondrion. These folds 
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(cristae) were conspicuous in ail mitochondria observed in this experiment. The mitochondrial 
matrix (space between the cristae and inner membrane) appears homogeneous with uniform 
electron density. This was evident in all the preconditioning environments, and in both 
harvests. Some mitochondria in this experiment showed numerous dense mitochondrial 
granules (see arrows in Plate 6) scattered at random in the matrix between the cristae. Very 
little or no variation from these structural characteristics was noticed in any of the treatments 
at any time. The mitochondria remained intact with no major impairments to their integrity. 
Seed quality determinations 
Standard germination, cold test, seed weight and electrical conductivity were used as 
parameters to determine the quality of the seed after preconditioning under different 
environments. In the PC environments tested in this study, seed viability increased in response 
to increased time of PC (Table 4). After 12 h of PC, standard germination was at least 50% in 
all treatments. Highest germination was obtained when seeds were preconditioned at 35°C / 
35% RH for 48 h. These seeds also acquired desiccation tolerance eariy, reaching values 
above 90% after 36 h of PC. Preconditioning of seeds at 35°C / 90% RH also resulted in high 
standard germination, but germination greater than 90% was obtained only after 48 h of PC. 
Lower germination was obtained when seed were preconditioned at 20°C. The treatment 
20°C / 90% RH resulted in the poorest germination, 83% after 48 h of PC. 
Seed vigor was studied by imbibing the seeds under subobtimal temperatures (10°C) before 
transfer to normal germination conditions, results are given in Table 4. Seed vigor increased 
in all the treatments in response to time of PC (Pr>F=0.0001). Seeds that were exposed to 
Plate 3. TEM micrographs of the maize radicle meristem during preconditioning. A, 0 h of 
PC, arrow indicates the distribution of lipid bodies through out the cytoplasm. B, 20°C / 35% 
RH at 24 h of PC, intermediate step in the migration of the lipid bodies. C, 35°C / 35% RH at 
24h of PC, arrow indicates the alignment of the lipid bodies against the cell wall. D, 35°C / 
35% RH, at 48 h, the lipid bodies are bound to the cell, and protein bodies are well defined in 
the cytosol (bars = 5 |im). cw = cell wall, v = vacuoles. 
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Plate 4. TEM micrographs of the radicle meristem showing the sequence of the migration of 
the lipid bodies against the cell wall. A, 0 h of PC, arrow indicates the location of the lipid 
body; B, intermediate step; C, full alignment, (bars = 0.5 nm).sg = starch grain, m = 
mitochondria, cw = cell wall. 
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Plate 5. TEM micrographs showing the sequence of formation of protein bodies within 
vacuoles. A, arrow indicates a clear, electron transparent vacuole at Oh of PC; B, 35°C / 90 
RH at 24 h of PC, arrow indicates the beginning of protein accumulation; C, 35°C / 90% RH 
at 48 h, an intermediate stage of accumulation; D, 35°C / 35% RH at 48 of PC, vacuoles are 
almost saturated with protein, resuhing in the formation of spherical protein bodies, (bars = 
0.5 jam), ob = oil body, g = golgi body, m = mitochondria. 
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Plate 6. TEM micrographs of mitochondria in the maize radicle meristem. A, 35°C / 35% RH. 
at 48 h of PC; B, 20°C / 35% RH at 48 h of PC. C, 20°C / 90% RH at 48 h of PC; D, 35°C / 
90% RH at 48 h of PC. Mitochondria exhibited an intact outer membrane with the inner 
membrane forming perceptible cristae in all treatments. The mitochondrial matrix appears 
homogenous with moderate electron density, (bars = 0.5 |im). Arrows indicate the presence of 
mitochondrial granules, ob = oil body. 
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only 12 h of PC, demonstrated low vigor (11-15% germination). These values increased at a 
faster rate (1.4%/h and 1.2%/h), when seed were preconditioned at 35°C compared to the 
20°C (l.l%/h-0.7%/h). Maximum vigor, 80% germination, was achieved when seeds were 
preconditioned at 35°C / 35% RH for 48 h. After 48 h of PC seed vigor was low (50% 
germination) when seeds were preconditioned at 20°C / 90% RH. Influence of harvest had a 
significant effect on both viability (standard germination) and vigor (cold test). Both 
increased approximately 10% when seeds were harvested at 45% MC compared to 50% MC. 
Results of seed weight analysis are given in Figure 4. No significant differences were 
observed in any of the preconditioning environments or at any time during PC. Major 
variations in seed weight were attributed to time of harvest. In each year, harvest one (50% 
MC) resulted in lower seed weight than that obtained during harvest two (45% MC), 161 
g/1000 seed compared to 198 g/1000 seed, respectively. 
Conductivity values indicate the level of leakage exhibited by the seed during 
imbibition for 12 h (Figure 5). Time of PC had a highly significant (Pr>F= 0.0001) influence 
on leakage. In all treatments, increased time of PC was associated with decrease in leakage. 
Temperature or relative humidity alone did not have a significant effect on leakage, however 
the combination of these two variables significantly affected the amount of leakage. The 
treatment 35°C / 35% RH showed the lowest level of leakage (99 |iS), followed by the 35°C / 
90%RH(104 |iS). 
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Table 4. Germination (%) of B73 seeds harvested in 1992,1993,1994, and dried at 45°C after 
preconditioning (PC) (a) 
35% RH 90% RH 
Temp Time Standard Cold Standard Cold 
(°C) (h) germination test germination test 
20 12 66.3 11.8 52.5 12.0 
24 75.0 20.0 74.6 17.5 
36 82.5 55.1 80.1 44.3 
48 87.6 68.0 83.6 50.6 
35 12 60.8 13.5 61.8 15.5 
24 78.3 32.6 83.1 31.8 
36 92.0 73.0 88.5 58.1 
48 96.1 80.1 92.0 74.0 
LSDO.05 6.96 6.05 6.96 6.05 
(a) All values are means across three years and two harvest moistures. 
Seed Weight 
Figure 4. Weight of seeds harvested at • ,50% MC and® , 45% MC, Bar indicates LSDo.os 
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Harvest 1. 50%mc 
Harvest 2. 45% mc 
• 12 
• 24 
• 36 
• 48 
hours 
Figure 5. Conductivity of B73 seeds harvested in 1992,1993,1994 and dried at 45°C after 
preconditioning. A, 20°C/35% RH; B, 20°C/90% RH; C, 35°C/35% RH; D, 35°C/90% RH 
Bar indicate LSDo.os 
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The treatments 20°C / 35% RH and 20°C / 90% RH had the highest level of leakage, 111 [iS 
and 107 |aS, respectively. The time of harvest also exerted a strong influence on leakage. 
Seeds that were harvested at 50% MC showed higher levels of leakage (118 |iS) compared to 
those harvested at 45% MC (92 |iS). 
With the exception of seed weight, all the seed quality measurements were positively 
affected by time of preconditioning. In this study the longer the PC period the better the 
quality of the seed. Viability and vigor increased and membrane damage decreased following 
PC. Preconditioning the seeds at a warmer temperature (30°C) also resulted in higher seed 
quality. The combination of a warmer temperatures and drier environments (30% RH), 
resulted in the highest seed quality. It was also very clear that harvesting the seeds later in 
maturity favored better preconditioning. This is in agreement with the results of Herter and 
Burris (1989), who reported that PC environments conducive to high seed quality required a 
RH < 60%. 
DISCUSSION 
The duration and the conditions in which the seeds are held during PC, play a key role 
in how fast and how effectively the seeds acquire high temperature desiccation tolerance. 
Oxygen uptake was low (0.5-0.8 |il/02/seed/min) at harvest time or at the beginning of PC. 
Miles et al. (1988) reported a decline in respiration rates (CO2 evolution and O2 consumption) 
as the soybean seeds approached physiological maturity. This was also evident during 
development and maturation of mustard seeds {Sinapsis alba L.). In these seeds a sharp 
decline in respiration occurred, beginning at 28 days after pollination (DAP), by 49 DAP 
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oxygen uptake was barely measurable (Fischer et al. 1988). In this study, seeds harvested at 
50% MC (early in maturity) had higher O2 uptake than seeds harvest at 45% MC (later in 
maturity). During the later stage of maturation, cell division and expansion (growth) have 
already ceased and metabolic activity during this stage is largely related to the accumulation of 
reserves. These processes do not require massive amounts of energy, thus, the low oxygen 
uptake observed. During the PC period, seeds that were held at 20°C retained these low 
respiration rates regardless of changes in seed moisture content. We confirmed the reports 
that embryo moisture is different from whole seed moisture. During desiccation the embryo is 
able to retain turgor pressure despite severe whole (intact) seed water loss (Fisher et al. 1988; 
Herter and Burris, 1981), These differences in moisture content within the seed itself may 
explain the lack of response of respiratory rates to moisture levels. Seeds kept at 35°C during 
PC showed an increase in oxygen uptake beginning at 24 h and reaching levels of 1.5-2 
(il/02/min/seed after 48 h of PC. These respiratoiy rates are low compared to those observed 
during the germination process. He (1991) reported levels of 4-5 ijI/02/min/seed during 
germination of sweet com seed. These O2 uptake levels are two-fold higher than those 
observed during PC at 35°C. This indicates that the metabolic controls that keep the seed 
from germinating on the plant during maturation are still in place after 48 h of detachment. 
Maize seeds required 76 h to show signs of radicle protrusion when freshly planted in a MS 
medium. Furthermore, no signs of cell division (mitosis) were observed using light or TEM 
microscopy of the radicle meristems. Even though the levels of respiration observed in the 
35°C treatments were low compared to those observed during the germination process, they 
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may be high enough to induce seed deterioration. In fact, total amylase activity was higher in 
scuteilar tissue of seeds preconditioned at 35°C and additional isozymes appeared in the 35°C 
/ 90% RH treatment indicating the onset of catabolic processes. Histochemically, this was the 
only treatment that showed moderate to severe native starch grain degradation in the scuteilar 
region. Little or no degradation was observed in the other treatments. These physiological 
and histochemical results suggest that preconditioning the seed at low temperature (20°C) 
may offer the benefit of maintaining the seed metabolism at a low level during PC which in 
turn results in a decrease in the rate of catabolic activity. However, seeds that were 
preconditioned at 20°C took longer to aquire desiccation tolerance and exhibited lower 
viability and vigor and higher levels of leakage. Seeds preconditioned at 35°C showed higher 
metabolic activity and also exhibited higher seed quality in less time. The 35°C temperature 
appears to have a positive effect on normal processes that occur during maturation. Processes 
such as sugar accumulation and the appearance of specific membrane lipids may occur at a 
faster rate under this temperature. These processes may allow the seed to adjust more quickly 
to preconditioning. The negative effects of preconditioning at 35°C occur under high relative 
humidity (>90% RH) conditions. The combination of slow drying conditions and high 
temperatures may encourage the expression of catabolic enzymes and the concomitant 
degradation processes. In this study we have provided evidence for the occurrence of both 
processes during PC. Seeds preconditioned under 35°C/90% RH conditions, however, 
showed only a small decline in quality. This suggests that the positive effects of PC at 
elevated temperatures outweigh the catabolic effects. Nonetheless, maximum quality was 
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obtained only when PC was carried out at 35°C and low relative humidity (35%). This 
treatment also allowed for the highest rate of desiccation compared to the rest of the 
treatments. It appears that the seed is able to adjust rapidly when experiencing moderate 
levels of desiccation and higher (35°C) temperatures. 
Ultrastructural evidence indicates no apparent deterioration in membranes or the 
matrix of organelles and plastids throughout the cells. The mitochondria, which are important 
because of their function in energy production, retained their structural integrity throughout 
PC. They exhibited typical characteristics of hydrated tissue (swollen and well differentiated), 
and maintained that condition throughout the entire period. Madden and Burns (1992) 
indicated damage to the integrity of mitochondria subjected to high temperature (45°C) 
drying. The data suggests that the conditions of the actual drying process including 
temperature and/or drying rate might be responsible for the injury to mitochondria. Protein 
accumulation in vacuoles during PC, reached near completion only in those treatments 
(35°C/35% RH) that allowed for some degree of desiccation. 
Accumulation of proteins during late maturation in maize seeds is well documented in 
the literature (Martinez et al., 1986; Kriz and Schwartz, 1986; Kriz and Belanger, 1989; 
Boothe and Walden, 1990). The authors indicate that these proteins accumulate in high 
amounts and form protein bodies resembling the pattern of expression characteristic of many 
plant storage proteins. However, it has been demonstrated that the major storage proteins of 
maize (zeins and glutelins) are not synthesized in the embryo (Sanchez-Martinez et al, 1987). 
Nevertheless, subsidiary storage protein synthesis outside the primary storage organs has been 
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detected in other plant species (Meinke et al., 1981; Chrispeels et al., 1984). In addition, the 
synthesis of maize embryo globulins with storage-like characteristics has been described (Kriz 
and Schwartz, 1986). Because of the scope of this study and the lack of a molecular 
characterization, we can only speculate on their identity and function. However, the fact that 
they accumulate during PC and that they accumulate at a faster rate under treatments 
(35°C/35% RH) that result in tolerance to high temperature drying suggests a possible role. 
One of the most unusual morphological changes observed was the migration and 
alignment of the lipid bodies to the cell wall. Many studies (Dasgupta et al, 1982; DeMason, 
1988; Leprince et al., 1990; Lyshed, 1992; Misra et al., 1993) have reported this phenomenon 
in plant embryos during seed development and maturation. However, no explanation has been 
given as to the mechanisms that allow this to happen or to its significance in desiccation 
tolerance. We suggest that they function in response to desiccation and may also play a role 
in its regulation. Under non-drying conditions or when the seed moisture did not drop below 
45%, the lipid bodies remain scattered throughout the cytoplasm (Table 3). In contrast, in 
seeds exposed to drying environments, lipid bodies appear to migrate toward the cell wall. By 
aligning the lipid bodies along the cell wall, the embryos cells may regulate their desiccation 
rate and thus maintain turgor pressure despite severe water loss. By impeding desiccation, the 
cells may acquire the time necessary to make the biochemical or physiological adjustments 
nesessary to withstand desiccation. Their alignment next to the cell walls may also regulate 
the rate of water uptake during imbibition and subsequent germination. There is a close 
association between the level of seed leakage and the alignment of lipid bodies (Table 3, 
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Figure 5). With the exception of treatment 35°C / 35% RH at 48 h, no migration was 
observed during harvest one. This harvest showed the highest level of leakage while less 
leakage was observed from harvest two seeds in which migration was more common. More 
specific studies are needed to define the role of the lipid body alignment to the cell walls and 
the mechanisms involved. 
In summary, this study confirms the findings of Herter and Burris (1989) which 
indicated that preconditioning reduces the susceptibility to drying injury due to high 
temperature desiccation. In addition, we found that preconditioning at low temperatures 
(20°C) maintains the metabolism of the cells at low levels. Although this may prevent or slow 
down catabolic processes, it also slows the biochemical/physiological changes that confer 
desiccation tolerance. Preconditioning at higher temperatures (35°C) accelerates these 
processes; however, it also increases the rate of catabolic activity especially when it is done at 
higher relative humidities. The combination of higher temperatures (35°C) and low RH (35% 
RH) was the optimum environment for preconditioning seeds. It is also important to note that 
the temperature under which seeds complete the drying process has a significant effect on the 
final seed quality. Drying the seeds at 45°C resulted in higher quality seed as compared to 
drying at 50°C even if the seeds had the same time and PC environment. 
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GENERAL CONCLUSIONS 
Hybrid maize seed producers depend on artificial drying to reduce seed moisture to 
levels needed for safe storage of the large volumes of seed produced each year. Many studies 
have shown that seed quality can be affected during this process making this an important 
concern throughout the seed industry. In order to safely dry seeds harvested early at high 
moisture content (45-50% MC), a period of preconditioning before the actual drying is 
recommended (Herter and Burris 1989). We studied the histochemical, physiological and 
ultrastructural changes associated with this period and their impact on final seed quality. 
Results from this study provide evidence of catabolic events occurring in seeds that 
were preconditioned at higher (35°C) temperature and high relative humidity (90%) for at 
least 48 h. These changes included appearance of different amylase isoenzymes, increased 
amylolitic activity and degradation of starch grains in scutellar tissue. No indication of these 
catabolic events were observed when preconditioning was carried out at lower (20°C) 
temperature or at lower (35%) relative humidity. Oxygen uptake was significantly higher 
when seeds were preconditioned at 35°C compared to 20°C. However, overall O2 uptake was 
low compared to values reported during germination. A conspicuous movement or migration 
of lipid bodies towards the cell wall during PC was detected. This occurred throughout the 
radicle meristem. The movement of these lipids was associated with the level of desiccation 
during preconditioning and with the level of leakage during subsequent imbibition. These 
lipids may have a role in the regulation of water movement during desiccation and/or during 
imbibition. Formation of protein bodies was also observed in the meristematic cells during 
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preconditioning. This began very early during preconditioning and the process was almost 
completed but only in those treatments that had the highest rate of desiccation (35°C/35% 
RH). Based on morphological comparisons, this accumulation resembles the accumulation of 
plant storage proteins. The fine structure of the mitochondria was also studied during 
preconditioning. We found no apparent impairment to their physical integrity in any of the 
treatments and suggest that the conditions of the actual drying may be more important than 
the PC conditions in determining their status during imbibition or subsequent germination. 
Highest seed quality was obtained from seeds that were preconditioned at 35°C 
compared to 20°C. This effect was clearly demonstrated in cold test and conductivity values 
as compared to standard germination. The 35°C / 90% RH treatment who showed signs of 
catabolic activity during preconditioning had slightly higher quality when compared to any 
20°C treatments, however, maximum vigor and low leakage levels were obtained only when 
preconditioning was carried out at 35°C / 35% RH. 
We conclude that elevated temperature (35°C) and low relative humidity during 
preconditioning may encourage changes in the seed which are responsible for conferring 
desiccation tolerance. These changes may include migration of lipid bodies, accumulation of 
proteins, accumulation of simple sugars and oligosaccharides (Chen and Burris, 1990) and 
accumulation of specific membrane phospholipids (Chen and Burris, 1991). This environment 
may prevent the excessive expression of catabolic enzymes avoiding concomitant degradative 
processes. 
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The advantages of preconditioning can be used effectively by seed producers especially 
when they are encouraged to harvest high moisture seed where the PC environment has a 
direct effect on final seed quality. 
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APPENDIX 
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Table Al. Analysis of variance for oxygen uptake during preconditioning. 
source df anova ss f value pr> f 
yr 2 0.19 
h 1 3.60 24.55 0.0026 » 
temp 1 5.70 38.86 0.0008 ** 
h*temp 1 0.00 0.00 1.0000 ns 
yr*h*temp (a) 0.88 
rh 1 0.22 3.15 0.1137 ns 
h*rh 1 0.06 0.86 0.3813 ns 
temp*rh 1 0.00 0.00 1.0000 ns 
h*temp*rh 1 0.02 0.29 0.6036 ns 
yr*h*temp*rh (b) 8 0.55 
time 3 1.78 1.63 0.1953 ns 
h*time 3 0.48 0.44 0.7245 ns 
temp*time 3 2.66 2.43 0.0769 ns 
h*temp*time 3 0.13 0.13 0.9446 ns 
rh*time 3 0.29 0.27 0.8481 ns 
h*rh*time 3 0.37 0.34 0.7977 ns 
temp*rh*time 3 0.66 0.60 0.6163 ns 
h*temp*rh*time 3 0.30 0.27 0.8438 ns 
error (c) 48 17.53 
Total 95 35.47 
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Table A2. Analysis of variance for moisture content during preconditioning 
source df anova ss f value pr>f 
yr 2 89.02 
h 1 625.26 71.83 0.0001 
temp 1 36.26 4.17 0.0873 ns 
h*temp 1 2.34 0.27 0.6224 ns 
yr*h*temp (a) 6 52.22 
rh 1 333.76 123.71 0.0001 ** 
h*rh 1 0.01 0.00 0.9520 ns 
temp*rh 1 12.76 4.73 0.0614 ns 
h*temp*rh 1 3.01 1.12 0.3217 ns 
yr*h*temp*rh (b) 8 21.58 
time 3 211.36 32.78 0.0001 
h*time 3 9.78 1.52 0.2221 ns 
temp*time 3 23.11 3.58 0.7773 ns 
h*temp*time 3 2.36 0.37 0.7773 ns 
rh*time 3 51.61 8.00 0.0002 ** 
h*rh*time 3 5.36 0.83 0.4829 ns 
temp*rh*time 3 1.94 0.30 0.8237 ns 
h*temp*rh*time 3 10.03 1.56 0.2123 ns 
error (c) 48 103.16 
Total 95 1594.98 
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Table A3. Analysis of variance for standard germination 
source df anova ss f value Pr>F 
yr 2 5776.27 142.16 
h 1 240.66 5.92 0.050 * 
temp 1 962.66 23.69 0.002 *=• 
h*temp 1 1.04 0.03 0.878 ns 
yr*h*temp (a) 243. 81 ms (40.63) 
rh 1 181.50 5.13 0.053 * 
h*rh 1 63.37 1.79 0.217 ns 
temp*rh 1 135.37 3.83 0.862 * 
h*temp*rh 1 28.16 0.80 0.3983 ns 
yr*h*temp*rh (b) 8 283.08 ms(35.38) 
time 3 12323.45 32.26 0.0001 *•* 
h*time 3 70. 83 0.19 0.905 ns 
temp*time 3 188.50 0.49 0.688 ns 
h*temp*time 3 86.45 0.23 0.877 ns 
rh*time 3 239.00 0.63 0.602 ns 
h*rh*time 3 216.45 0.57 0.639 ns 
temp*rh*time 3 236.79 0.62 0.605 ns 
h*temp*rh*time 3 117.66 0.31 0.819 ns 
e(c) 48 6112.83 ms (127.35) 
Total 95 27507.95 
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Table A4. Analysis of variance for cold test (vigor). 
source df anova ss f value Pr>F 
yr 2 34.39 
h 1 565.51 0.92 0.375 ns 
temp 1 3687.76 5.97 0.050 » 
h*tenip 1 1.26 0.00 0.965 ns 
yr*h*tenip (a) 6 3707.93 ms(617.98) 
rh 1 943.76 30.65 0.0005 **• 
h*rh 1 17.51 0.57 0.472 ns 
temp*rh 1 44.01 1.43 0.266 ns 
h*temp*rh 1 0.51 0.02 0.900 ns 
yr*h*temp*rh (b) 8 246.33 ms(30.79) 
time 3 48701.69 161.44 0.0001 *** 
h*time 3 14.11 0.05 0.984 ns 
temp*time 3 824.53 2.73 0.053 * 
h*temp*time 3 268.53 0.89 0.453 ns 
rh*time 3 883.69 2.93 0.043 * 
h*rh*time 3 481.78 1.60 0.202 ns 
temp*rh*time 3 174.28 0.58 0.632 ns 
h*temp*rh*time 3 56.94 0.19 0.903 ns 
e(c) 48 4826.66 ms(100.55) 
Total 95 65481.23 
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Table A5. Analysis of variance for seed weight 
source df anova ss F value Pr>F 
yr 2 11241.32 
h 1 32891.52 20.24 0.004 ** 
temp 1 39.83 0.02 0.880 ns 
h*temp 1 78.33 0.05 0.833 ns 
yr*h*temp (a) ms (1624) 
rh 1 124.67 2.54 0.149 ns 
h*rh 1 40.50 0.82 0.390 ns 
temp*rh 1 9.32 0.19 0.674 ns 
h*temp*rh 1 0.12 0.00 0.961 ns 
yr*h*temp*rh (b) 8 ms (49) 
time 3 849.31 3.44 0.023 * 
h*time 3 101.99 0.41 0.744 ns 
temp*time 3 220.48 0.89 0.451 ns 
h*temp*time 3 102.25 0.41 0.743 ns 
rh*time 3 882.31 3.58 0.025 * 
h*rh*time 3 167.52 0.68 0.569 ns 
temp*rh*time 3 219.94 0.89 0.452 ns 
h*temp*rh*time 3 721.31 2.92 0.043 ns 
e(c) 48 ms (82) 
Total 95 61778.52 
80 
Table A6. Analysis of variance for conductivity. 
source df anova ss F value Pr>F 
yr 2 6760.39 
h 1 16224.00 55.79 0.0003 *** 
temp 1 1410.66 4.84 0.069 * 
h*temp 1 66.66 0.23 0.649 ns 
yr*h*temp (a) 6 ms (290.80) 
rh 1 2.66 0.09 0.776 ns 
h*rh 1 216.00 7.01 0.029 ns 
temp*rh 1 600.00 19.48 0.002 * 
h*temp*rh 1 140. 16 4.55 0.065 ns 
yr*h*temp*rh (b) 8 ms(30.8) 
time 3 10880.58 32.66 0.0001 *** 
h*time 3 642.08 1.93 0.137 ns 
temp*time 3 152.58 0.46 0.712 ns 
h*temp*time 3 109.58 0.33 0.804 ns 
rh*time 3 481.25 1.44 0.241 ns 
h*rh*time 3 232.25 0.70 0.558 ns 
temp*rh*time 3 32.75 0.10 0.960 ns 
h*temp*rh*time 3 114.58 0.34 0.793 ns 
e(c) 48 5330.33 
Total 95 45387.83 
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Stain formulas and protocols for microtechniques 
Fixation procedures for paraffin sections 
1. 2% PA, 2% GA in 0.05 M phosphate buffer pH 7.2 for 12 h at 4°C 
2. Low vacuum for first 45 min. 
3. Change fixative and allow the fixation to continue for another 12 h at 4°C 
4. Rinse three times in phosphate buffer, 15 min each 
5. Start dehydration process with 25% ETOH for 1 h 
6. 50% ETOH; 1 h 
7. 75% ETOH; 1 h 
8. 95% ETOH: 2h 
9. 100% ETOH; 2h 
10. 100% ETOH; 2h 
11. 1:1 ETOH/xyiene; 2h 
12. Xylene; 2 h 
13. Xylene; 2h 
14. 1:1 xylene/paraffin; overnight 
15. Pure paraffin 96 h at 70°C 
16. Cast in aluminum weighing dishes 
17. Mount and prepare for sectioning 
Fixation procedures for TEM 
1. 3% PA/3%GA/ l.OmM CaCb in 0.05 M phosphate buffer, pH 7.2 for 12 h at 4°C 
2. Change to fresh fixative and continue to fix for 12 h at 4°C 
3. Rinse three times with phosphate buffer, 15 min each 
4. Double-fix with 1% Osmium tetroxide in 0.05 M phosphate buffer for 24 h at 4°C 
5. Repeat 3. 
6. Stain-fix with 7% aqueous uranyl acetate for 24 h at 4°C 
7. Repeat 3. 
8. Start dehydration process with 25% ETOH, for 1 h 
9. 50%; 1 h 
10. 70%; 1 h 
11. 95%; 2 h 
12. 100 (3X) for 2 h each 
13. 1:3 propylene oxide/100%ETOH for 12 h 
14. 1:1 propylene oxide/ETOH for 12 h 
15. 3:1 propylene oxide/ETOH for 12 h 
16. Pure propylene oxide (three times 8 h) 
17. 3:1 Spurrs/ propylene oxide for 12 h 
18. 1:1 Spurrs/propylene oxide for 12 h 
19. 1:3 Spurrs/propylene oxide for 12 h 
20. Pure Spurrs for 12 h 
82 
21. Three change of pure Spurrs for 12 h each 
22. Cast for 24-36 h at 70°C 
23. Section in ultramicrotome 
24. Double-stain with lead citrate and aqueous uranyl magnesium for 20 min each 
Stain procedure 1. Total carbohydrates of insoluble polysaccharides- Periodic Acid SchifEls 
(PAS) reaction. 
1. Paraffin mounted sections 
2. "Down" series to water 
3. 0.5% periodic acid solution in dist. water, room temp. 30 min. 
4. Wash in running water for 10 min. 
5. Stain in SchifFs reagent, 4°C for 30 min. 
6. Rinse in tab water, 10-20 sec. 
7. Place in 2% sodium bisulfite for 1-2 min. 
8. Wash in tap water for 10 min. 
9. Place in hemalum for 2 min. 
10. Dehydrate to xylene, mount in Permount 
Stain procedure 2. Total Protein (mercuric-bromphenol blue) 
1. Paraflfine mounted sections 
2. "Down" series to water 
3. Dehydrate in "up" series to 95% ethyl alcohol 
4. Place slides in mercuric-bromphenol blue for 30 min, room temp. 
5. Transfer to 0.5% acetic acid for 10 min, room temp. 
6. Transfer to 0.1 N acetate buffer, pH 6 for 4 min, room temp. 
7. Briefly rinse in distilled water 
8. Dehydrate in "up" series to xylene 
9. Mount in Permount 
